Taste is the chemical sense responsible for the detection of non-volatile chemicals in potential foods. For fat to be considered as one of the taste primaries in humans, certain criteria must be met including class of affective stimuli, receptors specific for the class of stimuli on taste bud cells (TBC), afferent fibres from TBC to taste-processing regions of the brain, perception independent of other taste qualities and downstream physiological effects. The breakdown products of the macronutrients carbohydrates (sugars) and proteins (amino acids) are responsible for the activation of sweet and umami tastes, respectively. Following the same logic, the breakdown products of fat being fatty acids are the likely class of stimuli for fat taste. Indeed, psychophysical studies have confirmed that fatty acids of varying chain length and saturation are orally detectable by humans. The most likely fatty acid receptor candidates located on TBC are CD36 and G protein-coupled receptor 120. Once the receptors are activated by fatty acids, a series of transduction events occurs causing the release of neurotransmitters towards afferent fibres signalling the brain. Whether fatty acids elicit any direct perception independent of other taste qualities is still open to debate with only poorly defined perceptions for fatty acids reported. Others suggest that the fatty acid taste component is at detection threshold only and any perceptions are associated with either aroma or chemesthesis. It has also been established that oral exposure to fat via sham feeding stimulates increases in blood TAG concentrations in humans. Therefore, overall, with the exception of an independent perception, there is consistent emerging evidence that fat is the sixth taste primary. The implications of fatty acid taste go further into health and obesity research, with the gustatory detection of fats and their contributions to energy and fat intake receiving increasing attention. There appears to be a coordinated bodily response to fatty acids throughout the alimentary canal; those who are insensitive orally are also insensitive in the gastrointestinal tract and overconsume fatty food and energy. The likely mechanism linking fatty acid taste insensitivity with overweight and obesity is development of satiety after consumption of fatty foods.
The sense of taste
The sense of taste presumably evolved to inform us about the nutritious or toxic value of potential foods. The primary organ responsible for the sense of taste is the tongue, which contains the biological machinery (taste receptors) to identify non-volatile chemicals in foods and non-foods we place in our mouth. Once a food enters the mouth, the tongue aids in the manipulation of the food, assisting breakdown and bolus formation before swallowing the food. During this critical period of food manipulation, the tongue is sampling chemicals in the food, and when food chemicals activate taste receptors, signals are sent from the taste receptors to processing regions of the brain. The signals are decoded by the brain, and we perceive the taste of the food, which could be one of five distinct qualities: sweet, sour, salty, bitter and umami.
It is perhaps appropriate to classify taste as a nutrienttoxin detection system, with the qualities (sweet, etc.) informing us via an associated hedonic response of suitability to swallow or reject, for example sweet elicited by sugars reflecting carbohydrate, sour elicited by free hydrogen ions (H + ) reflecting excessive acid, umami elicited by glutamate and other amino acids reflecting protein content, salt elicited by sodium (Na + ) and other ions reflecting mineral content, and bitter reflecting potential toxins in foods. Excessive bitterness or sourness is aversive and informs that the food in our mouth may cause harm and that the best action is to expectorate, whereas the qualities sweet, umami and salty are all appetitive within a relevant intensity range and inform that the food contains compounds we should ingest, in this case, essential nutrients such as carbohydrate, protein and minerals, respectively. As the taste system has evolved to detect the nutrients or toxins in foods prior to ingestion, it makes sense that fats, an essential energy-dense macronutrient required in limited amounts for energy and nutritional needs, would be detected through taste, as other macronutrients namely carbohydrates and proteins are detected through the tastes of sweet and umami.
Fat taste
Fat taste is an area of increasing interest particularly in chemosensory and nutrition research with the possibility that it may be linked with dietary consumption of fatty foods. The intake and regulation of dietary fats is considered especially important in the development of overweight and obesity, given their high energy density and palatability alongside their ability to promote excess energy intake. The intake and regulation of fats in the obese state appears especially problematic given that obese persons prefer higher fat foods that represent significant portions of the obese diet.
Fat has been classified as a taste as early as 330 BC by Aristotle and many other academics over the centuries [1] . More recently, fat has been associated with texture, flavour release and thermal properties in foods, but not the sense of taste [2] . This may seem like an irrelevant academic point, but the taste system is only activated when a saliva-soluble component of a potential food activates receptors on taste cells. Adding to the importance of the sense of taste is the interplay between taste cell activation and multiple digestive processes, therefore making the link between taste and fat intake very important, especially given the link dietary fat has with the development of obesity.
For fat to be generally accepted as a taste, it must meet five criteria: 1) There must be a distinct class of affective stimuli, and the stimuli responsible for fat taste are the breakdown products of fats and fatty acids [3, 4] . 2) There should be transduction mechanisms including receptors to change the chemical code of the stimuli to electrical signal. Emerging evidence suggests that CD36 and G protein-coupled receptor (GPCR) 120 are the most likely candidate receptors on taste bud cells (TBC), with multiple taste transduction mechanisms also involved [5] . 3) There must be neurotransmission of the electrical signal to processing regions of the brain [6, 7] . 4) There should be perceptual independence from other taste qualities. This criterion is controversial, and while there is certainly no obvious perception such as the sweetness of sucrose or saltiness of NaCl, some researchers claim less well-defined perceptions for fatty acids [8] . Others suggest that the fatty acid taste component is at detection threshold only and any definable perceptions are associated with either aroma or chemesthesis [4, 9] . 5) Finally, there must be physiological effects after activation of taste bud cells.
What follows is a brief summary of evidence supporting fat as the sixth taste and potential relevance of fat taste sensitivity to food consumption and development of obesity.
Fatty acids as stimuli
While it is well established that oxidised or reverted fatty acids or fatty acids at high concentrations are unpleasant to taste, the taste quality of fatty acids will vary according to their concentration in a food. The levels of fatty acids involved in fat taste are low enough not to be considered unpleasant in unspoiled food, yet sufficient to activate putative oral receptors. For example, the concentrations of fatty acids required for detection are within ranges which may be inherently present in edible fresh and processed foods (0.1%-3% w/v) [10] , or perhaps made available through enzymatic hydrolysis by lingual lipase.
Lingual lipase
Lipase enzymes are very important as they break the triacylglycerols (TAGs) down so that free fatty acids can be transduced by cellular pathways. In humans, however, lingual lipase presence remains controversial. Data has suggested that lipolytic activity may be present in humans [9, 11] , although it is unknown whether sufficient concentrations of lingual lipase are produced and whether this originates from endogenous sources or oral microbes. The presence of lipase does appear to have an influence on fatty acid thresholds with research showing that the addition of orlistat (lipase inhibitor) during testing increased fatty acid thresholds [12] . Overall, the weight of evidence suggests that free fatty acids in fatty foods will be in sufficient concentrations to activate putative receptors on taste cells.
Fatty acid taste receptors and transduction

CD36 transporter
One of the proposed mechanisms of oral fatty acid nutrient detection is via CD36, a fatty acid transporter [13] . CD36 is found in the oral cavity on human taste buds, specifically the circumvallate and foliate papillae [14] . Genetic variants of CD36 have been associated with variation of oleic acid (C18:1) detection threshold [12] , providing further evidence for a role of CD36 for fat taste in humans.
G protein-coupled receptors
It has been proposed that CD36 may work together with other possible receptors like GPCRs in a signalling cascade to detect fatty acids [8] . GPCR120 (and possibly GPCR40) are activated by fatty acids initiating peripheral signalling cascade that includes a release of calcium that activates the cation channel transient receptor potential channel type M5 (TRPM5) [15] . GPCR120 has been expressed in the apical portion of types I and II cells from animal taste buds [16, 17] and, more recently, human taste buds [8] .
Delayed rectifying potassium channels
Delayed rectifying potassium (DRK) channels are known to be implicated in the transduction pathway of a variety of taste stimuli. A study by Gilbertson found that polyunsaturated fatty acids (PUFA) slow down DRK polarisation on the foliate and circumvallate papillae taste cells and therefore allow fat to be detected [18] .
Neurotransmitter release
A transduction mechanism that converts the chemical signal to an electrical signal is required to establish the taste component in dietary fat consumption. Previous studies suggested that the general chemoreception pathway starts from the fatty acids triggering the receptor or ion channel and results in the complex cascade that leads to the cell depolarization. The neurotransmitters such as noradrenaline and serotonin (5-hydroxytryptamine (5-HT)) will then be secreted towards afferent nerve fibres which trigger the orosensory perception [19] . Further research is required relating specifically to neurotransmission of fat taste.
Perceptual independence
For all tastants, perception of the taste runs along a sensory concentration continuum (Figure 1 ). At very low concentrations, fatty acids may be detected, albeit with no taste quality attached, i.e. the concentration is too low to be recognised as a taste [20] . As the concentration increases, e.g. as a result of fat hydrolysis within a food, fatty acids may then be tasted or recognised. Once the concentration of fatty acids is high enough for recognition and supra-threshold, the flavour is generally unpleasant. At the supra-threshold level, it is likely that sensory systems other than taste are involved, for example smell or chemesthesis. Whether there is a recognisable taste quality associated with fat is still up for debate, but there is no doubt that a fat taste quality is not equivalent to easily identified qualities such as sweet or salty. One taste dimension for fatty acids that is reliably measurable is detection threshold, and research has shown that this measure is independent of detection thresholds for other basic tastes, thereby meeting the criteria for perceptual independence [4] .
Physiological responses to oral fatty acid exposure
In humans, a 2.8-fold increase in plasma TAG concentrations was recorded in response to oral fat loads. These effects are not observed with sensory-matched fat mimetics, textural cues or smell [21, 22] , supporting the view that fatty acids activate putative taste receptors that generate an immediate signal which is transmitted to other parts of the periphery, preparing the body for fat digestion and absorption. Additional investigations have also reported fat-specific cephalic phase responses following oral stimulation with fats that include increases in lipase secretion [23] ; transient stimulation of gastrointestinal hormones, including cholecystokinin (CCK), pancreatic polypeptide (PP) and peptide YY (PYY) [24, 25] ; as well as variations in postprandial glucose and insulin [24, 26] .
Relevance of fat taste to development of obesity
In rodents, differences in fat taste sensitivity appear to influence fat preference, consumption and predisposition to obesity, hinting at a novel role of the taste system in the control of both food intake and weight regulation [27] [28] [29] . It has been established that different rodent strains are selectively more or less sensitive to fatty acids and that differences in fat taste are inherently linked to dietary intake and preference.
For example, when wild-type mice were compared to GPCR120 and GPCR40 knock-out mice, the knock-out mice showed an attenuated preference for linoleic acid (C18:2) and C18:1, suggesting that GPCR120 and GPCR40 play a role in the perception of fatty acids [16] . Furthermore, when GPCR120-deficient mice were fed a high-fat diet, they developed obesity and other side effects of metabolic syndrome, indicating a role in regulation of energy intake [30] . Moreover, a high-fat diet reduced expression of CD36 in obese rats which may be associated with fat taste adaptation and also indicates a role in regulation of energy intake [31] . There is also the possibility that CD36 may be involved with the onset of fat-induced satiety [32] . Animal studies have strongly suggested a link between oral sensitivity to fatty acids and development of obesity, with those animals less sensitive to fatty acids unable to adequately regulate intake and overconsuming energy. In other words, the more you taste fat, the less fat you eat.
A feature of the taste system is the large individual differences in sensitivity to compounds [33] . Differential dietary practices amongst obese and lean individuals, especially with regard to fat consumption and preference, are also well established, for example obese individuals have shown a preference for high-fat foods and prefer a greater concentration of fat within specific food matrices when compared to lean individuals [34, 35] . Such variations in the taste system along with dietary intake and behaviours have been the focus of recent research studies.
The relationship between oral fatty acid sensitivity, dietary fat intake and body mass index (BMI) has recently been investigated by our group and others [9, [36] [37] [38] [39] [40] . In general, it was found that those who were more sensitive to the fatty acid C18:1 had lower energy intakes and consumed less total dietary fats and were also better at detecting the fat content of food (custard) [9, 37, 38] . Another study by Stewart et al. extended these results and also found a relationship in humans between fatty acid sensitivity, food consumption and dietary behaviours, whereby those who were hyposensitive consumed more high-fat dairy products, high-fat spreads and fatty red meat [38] . Conversely, hypersensitive individuals reported behaviours including trimming the fat off meat and avoiding saturated fats [38] . Additionally, various human studies have reported that participants who were classified as hypersensitive to fatty acids also had lower BMIs than hyposensitive individuals [9, 38, 39, 41] ; however, other studies have failed to find such associations [37, 42] . It has also been reported that fatty acid sensitivity can be modulated by dietary fat, with a high-fat diet causing attenuation of fat taste thresholds in lean individuals, while a low-fat diet results in increased sensitivity to fatty acids [37] . Keller et al. has suggested a possible association between polymorphisms in the CD36 receptor, oral fat perception and fat preference in human subjects [43] . Changes in the preference of high-fat foods have been observed following 12-to 24-week dietary interventions involving fat-restriction, which leads to a decrease in the pleasantness, taste and preference of high-fat foods, suggesting that the experience of fats in foods can be modulated by the diet [44] .
The association between fat taste and obesity is probably a result of a coordinated alimentary canal response to dietary fat [45, 46] (Figure 2 ). Indeed, a link between oral fatty acid chemoreception and gastrointestinal tract (GIT) responses to fatty acid has been established with obese individuals having impaired responses to fatty acid in the oral cavity and the GIT [12, 37, 41, 47, 48] compared to healthy-weight subjects. The presence of fats in the small intestine in healthy, normal-weight subjects generates potent satiety signals [46] . Gastric emptying is slowed, gut hormones CCK and PYY are released, and ghrelin is inhibited [49, 50] , altogether causing suppression of energy intake. These physiological satiety mechanisms may be impaired in the obese with subjects voluntarily consuming twice as much energy from fat products as non-obese [41, 51] . A recent study illustrated the link between fatty acid sensitivity, fat consumption and satiety. When the population was stratified according to fat taste sensitivity, those who were classified as orally hyposensitive to C18:1 found fat the least satiating macronutrient, while those who were classified as hypersensitive to C18:1 found fat the most satiating. This result was specific for the high-fat meal; this was not observed following a high-carbohydrate, high-protein or balanced meal [36] .
Summary
The existence of a sixth taste elicited by the digestive products of fat (fatty acids) is yet to be confirmed; however, a growing body of evidence from humans and other animal species provides support for this proposition. In support for a functional significance of fat taste, differences in taste sensitivity for fat appear to predict certain dietary behaviours, i.e. decreased sensitivity to fat taste is associated with an increased consumption of fat, and this has been reported in both animal and human studies. Moreover, sensitivity to fat can be modulated by the diet, i.e. consumption of a high-fat diet appears to maximise the body's capacity for fat absorption, with no changes in appetite, suggesting that such changes may accompany or encourage excess fat intake and obesity. These data propose a direct role of the taste system in the consumption and preference of high-fat foods, which may be linked to the development of obesity given that differences in BMI have also been linked to oral fatty acid sensitivity. The mechanism allowing for increased consumption of fat is proposed to be via satiety or fullness signals, as associations in both taste and digestive responses to fat have been reported. The next 5 to 10 years should reveal, conclusively, whether fat can be classified as the sixth taste, but no matter what, there appears to be a functional significance to oral chemosensing of fats.
(See figure on previous page.) Figure 2 Schematic representation of fatty acid chemoreception in the oral cavity and gastrointestinal tract (alimentary canal) in lean (left) and obese (right) individuals. (1) Fat is present in foods in the form of TAG; free fatty acids are generated during the breakdown of fats and by lipase enzymes in the oral cavity. (2) Fatty acids access putative receptors (CD36, GPCR40, GPCR41, GPCR43, GPCR120 and delayed rectifying potassium (DRK) channels) within taste cells; lean individuals have greater quantities of these receptors compared to obese individuals. The receptors elicit the release of intracellular Ca 2+ that in turn activates neurotransmitters and hormones associated with the cephalic response. (3) Following fat ingestion, gastric and pancreatic lipase plays a further role in the hydrolysis of fats enabling access to fatty acid receptors on enteroendocrine cells, stimulating satiety hormones and uptake of fatty acids. As a consequence, sensitivity to ghrelin, which is responsible for hunger stimulation, is inhibited, while the satiety-inducing hormone leptin is released as are the hormones CCK, PYY and GLP-1. (4) In a lean individual, expression of fatty acid receptors is greater, therefore increasing fat sensing ability through the alimentary canal and thereby decreasing energy intake. (5) In comparison, obese individuals have decreased expression of fatty acid receptors, attenuating fat sensing ability and increasing energy intake. Reproduced from [52] .
